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Hist  Demonstration  of  ~10  mic  ions 
FFAsin  InAs/GaSb  SIS 

Manijeh  Razeghi *,  Pierre-Yves Delaunay,  Binh  Minh  Nguyen,  Andrew  Hood, 

Darin  Hoffman,  Ryan  McClintock,  Yajun  Wei,  Erick  Michel,  Vaidya  Nathan**, 

Met  met  Z.  Tidrow*** 

Abstract 

The  concept  of  Type  II  InAs/GaSb  superlattice  was  first 
brought  by  Nobel  Laureate  L.  Esaki,  et  al.  in  the  1970s. 

There  had  been  few  studies  on  this  material  system  until 
two  decades  later  when  reasonable  quality  material 
growth  was  made  possible  using  molecular  beam  epitaxy. 

With  the  addition  of  cracker  cel  Is  for  the  group  V  sources 
and  optimizations  of  material  growth  conditions,  the 
superlattice  quality  become  significantly  improved  and 
the  detectors  made  of  these  superlattice  material  can  meet 
the  demand  in  some  practical  field  applications. 

Especially  in  the  LW IR  regime,  it  provides  a  very  prom¬ 
ising  alternative  to  HgCdTefor  better  material  stability 
and  uniformity  etc.  We  have  developed  the  empirical 
tight  binding  model  (ETBM )  for  precise  determination  of 
the  superlattice  bandgap.  New  concept  of  A I  Sb  contained 
M -structure  superlattice  has  been  added  to  enhance  the 
wavelength  tunability.  We  have  recently  demonstrated 
diodes  with  50%  cutoff  wavelength  of  12  p.m  at  liquid 
nitrogen  temperature.  TheRgA  of  these  diodes  reached  as 
high  as  33  Ll-cm2  and  device  quantum  efficiency  of  40- 
50%.  with  D*  around  2X1011  cnvH z^2/W.  Wehavealso 
demonstrated  the  first  FPA  with  50%  cutoff  wavelength 
around  10  urn. 

Introduction 

Type  1 1  InAs/GaSb  superlattices,  first  intro¬ 
duced  in  1971  by  Sai-H  alasz and  L.  Esaki  et 
al.,11!  feature  a  misaligned  bandgap,  where 
the  conduction  band  of  InAs  is  below  the 
valence  band  of  GaSb.  As  a  result,  on  the 
contrary  of  Type  I  superlattices,  carriers  are 
not  confined  in  the  same  layers.  Because  of 
this  misalignment,  the  effective  bandgap  of 
the  materi  al  i  s  smal  I  er  than  the  bandgap  of 
each  of  its  constituents.  By  changing  the 
number  of  layers  of  InAs  and  GaSb  in  each 
period,  it  is  theoretically  possible  to  tune 
the  gap  between  0  and  0.3  eVi2]  We  have 
demonstrated  superlattices  with  cutoff 
wavelength  between  3.7  p.m  and  32 

pim[3,4].  The  atmospheric  transmission  Figure  1  Band  alignment  diagram  for  a  Type  II  "M"  structure  Varying  the  position  of 
window  between  8  -  12  |im  isof  particular  AlSb  will  change  the  superlattice  bandgap  without  material  composition  change 
interest  since  room  temperature  objects 
emit  most  infrared  radiation  around  10 
(im.  This  leads  to  numerous  applications 
for  LW  IR  imaging  such  as  long  range  tar¬ 
get  detection,  non-destructive  examinations 
in  medical  fields  and  industry.  In  this  wave¬ 
length  regime,  the  Type  II  superlattice  is  a 
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very  promising  alternativeto  H  gCdTe.  The  superlattice  materi¬ 
al  can  have  better  material  uniformity  and  stability  due  to  the 
stronger  chemical  bonding  between  group  III  and  V  elements. 
Tunablebandstructureand  separation  of  electrons  and  holes  will 
make  reduction  of  Auger  recombination  possible  in  the  super¬ 
lattice  material.  This  will  make  higher  operating  temperature 
possible. 

Empirical  light  Binding  Model 

To  direct  our  design  efficiently,  we  have  been  using  an 
Empirical  Tight  Binding  Model  (ETBM  )t5-6]  that  allows  us  to 
reach  the  desired  cutoff  wavelength.  This  model  includes 
effects  of  strain,  different  types  of  interfaces.  The  effectiveness 
and  accuracy  of  this  model  has  been  confirmed  experimentally 
by  numerous  growths.  A  new  Type  II  structure,  called  "M" 
structure  as  illustrated  in  Figure  1,  is  currently  under  investi¬ 
gation  for  higher  performance  infrared  photodetectors.  This 
structure,  constructed  by  inserting  an  A 1 5b  barrier  in  the  mi d- 
dleof  the  GaSb  layer  in  a  normal  type  1 1  superlattice,  suggests 
many  promising  properties  relevant  to  practical  use.  Firstly,  the 
A I  Sb  barriers  decrease  the  electron  mobility  by  blocking  the 
diffusion  mechanism  in  the  conduction  band.  This  decrease  of 
the  mobility  reduces  the  dark  current  and  improves  the  RqA 
product  of  the  photodiodes.  Secondly,  the  AlSb  layer  is  also  a 
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barrier  for  holes  in  the  conduction  band,  pushing  them  toward 
the  interface  between  the  I  nA  sand  theGaSb  layers.  The  wave- 
function  overlap  of  electron  and  holes  is  increased,  thus,  the 
internal  quantum  efficiency  is  improved.  Thirdly,  we  have 
successfully  demonstrated  anew  bandgap  engineering  method 
by  shifting  the  position  of  the  A I  Sb  barrier  in  theGaSb  layer. 


This  method  allows  shifting  the  cut-off  wavelength  of  the 
structure  about  2  pirn  without  changing  the  lattice  mismatch 
and  the  composition  of  the  material.  Finally,  in  the  point  of 
view  of  material  growth,  this  structure  has  the  simplicity  of  a 
binary  structure.  A  typical  ETBM  bandstructure  is  shown  in 
Figure  2. 


Figure2  Typical  bandstructure  of  a  Typell  "M"  structure  superlattice. 


(b) 


Figure 3  Material  characterization  using  (a)  AFM  and  (b)  TEM.  Surface  RMS  roughness  readied  around  1.1- 1.6 A. 
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Material  growth  and  characterization 

Type  II  superlattices  are  grown  using  a  Intevac  Gen  II 
Molecular  Beam  Epitaxy  system  (now  part  ofVeeco)  equipped 
with  valved  cracker  source  for  group  V  elements  and  SU  M  0 


cel  I  s  for  In  and  Ga.  Firstly,  a0.5  pirn  GaSb  buffer  isdeposited 
on  ap-typeepi-ready  GaSb  (001)  substrate  to  smooth  out  the 
surface.  Next,  a  0.5  p.m  etch  stop  layer:  InAsSb  latticed 
matched  with  GaSb  is  grown  for  substrate  removal  purpose.  A 


Figure  4  Device  performance  of  the  12  11m  cutoff  photodiodes.  AverageD*  readied  -2x10 11  cm-H^/W  (a),  and  average  device  quan¬ 
tum  effiaency  reached  40-50%  (b).  CO2  andH20  bands  are  shewn  in  the  spectrum. 


Figure  5 1  nfrared  imaging  obtained  at  (a)  80K  and  (b)  150K. 


October  2006 


IEEE  LEOS  NEWSLETTER 


45 


201eos05.qxd  10/5/06  2:23  PM  Page  46 


p-i-n  superlattice  structure  with  respective  layer  thickness  of 
0.5  pirn,  2  p.m  and  0.5  p.m,  was  then  deposited  and  capped  by 
10  nm  of  InAs  n+  for  top  contact.  The  p  and  n  regions  are 
doped  at  10^  crrf^  whilethei  region  is  nominally  undoped. 
The  growth  temperature  is  around  500°C,  according  to  a  cal¬ 
ibrated  pyrometer,  for  the  GaSb  buffer  and  the  InAsSb  etch 
stop  layer,  and  400°C  for  the  superlattice. 

Structural  characterization  is  performed  to  prove  the  high 
quality  of  grown  materials.  AFM  images  show  wide  atomic 
steps.  An  example  is  shown  in  Figure  3(a).  A  roughness  of 
1.1-1. 6  A  can  be  routinely  achieved  for  a  scan  size  of 
20  (j.mx20  pirn  and  smaller.  Crystalline  quality  of  superlat¬ 
tice  is  characterized  using  high  resolution  x-ray  diffraction 
and  the  FW  H  M  of  zeroth  order  peak  can  reach  below  20  arc- 
sec.  Occasionally,  samples  are  measured  under  theTEM  to 
verify  the  abrupt  interfaces  and  the  straight  atomic  layers,  as 
shown  in  Figure 3(b). 

Device  fabrication  and  testing 

For  good  quality  materials,  we  process  them  into  single  ele¬ 
ment  diodes  and  check  the  electrical  and  optical  quality.  First, 
we  define  the  mesa  isolation  pattern  by  standard  UV  photoli¬ 
thography,  using  a  mask  featuring  devices  with  sizes  ranging 
from  400  to  100  pirn.  M  ost  of  the  superlattice  is  etched  in  a 
BCI3  based  plasma  using  an  Electron  Cyclotron  Resonance- 
Reactive  Ion  Etch  (ECR-RIE)  system.  The  etching  is  then 
completed  using  a  citric  acid  based  solution.  After  cleaning, 
top/bottom  Ti/Pt/Au  contacts  are  deposited  using  an  electron 
beam  metal  evaporation  system.  Diodes  were  wire  bonded, 
mounted  with  indium  on  leadless  chip  carrier,  and  loaded  on 
the  cold  finger  of  a  cryostat.  Electrical  and  optical  characteri¬ 
zations  were  performed  using  a  set-up  described  elsewhere!7! 

For  a  recently  designed  superlattice  of  131  nAs/7G  aSb  with 
InSb  interfaces,  the  50%  cutoff  wavelength  was  measured  to 
be -12°  p.m  at  77K.  R()Amax  at  77K  was  reached  33  Q-cml 
Our  optical  measurements  revealed  an  average  detectivity  and 
external  quantum  efficiency,  reaching  respectively  ~2xl0-*--*- 
Jones  and  40-50%,  as  shown  in  Figure  4. 

FFA  processing  and  imaging 

A  similar  material  used  for  the  up-to-date  LW I R  focal  plane 
arrays  has  a  50%  cutoff  wavelength  at  9.3  pirn  at  77K ,  longer 
than  the  previously  demonstrated!8’9!  We  first  defined  a 
256x256  array  of  25  p.mx25  p.m  square  mesas  using  the 
same  etching  technique  described  for  single  element  devices. 
We  cleaned  carefully  the  surface  of  the  array  using  warm 
photoresist  stripper  to  remove  photoresist  residue.  We  then 
deposited  the  top\bottom  Ti\Pt\Au  contacts  using  a  liftoff 
technique.  The  devices  were  then  passivated  using  a  combi¬ 
nation  of  ammonium  sulfide  and  Si O 2-  Ammonium  sulfide 
has  been  already  shown  to  be  an  efficient  electrical  passiva¬ 
tion  layer  for  Type  II  superlattices!10!.  In  order  to  protect  it 
against  degradations  due  to  other  steps  of  FPA  processing, 
300  nm  of  Si02  was  deposited  on  top  using  a  Plasma 
Enhanced  Chemical  Vapor  Deposition  (PECVD)  system. 
Windows  were  opened  in  the  passivation  using  a  H  F  based 
solution.  The  array  was  then  hybridized  to  a  256x256 
CMOS  Litton  ROIC  with  indium  soldering  bumps,  deposit- 
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ed  by  a  metal  thermal  evaporation  system!11!  The  gap 
between  the  array  and  the  ROIC  was  sealed  using  epoxy  to 
avoid  foreign  materials  to  penetrate  in  the  gap  and  deterio¬ 
rate  the  diodes.  TheGaSb  substrate  was  then  thinned  down 
to  a  thickness  of  20-30  pirn  using  a  lapping/polishing  proce¬ 
dure.  The  FPA  was  loaded  into  a  ceramic  leadless  chip  carri¬ 
er  and  wire  bonded  for  testing. 

The  FPA  testing  was  performed  using  a  SE-IR  infrared 
camera  testing  system  between  80  K  and  150  K,  with  a 
frame  rate  of  27.47  Hz,  an  integration  time  of  42  ms,  and 
LWIR  F/2  lens.  Fi  gure  5(a)  shows  the  i  nfrared  imageofaman 
with  bad  pixel  replacement  and  two  points  uniformity  cor¬ 
rection,  taken  at  83  K .  M  ost  of  the  bad  pixels  correspond  to 
the  area  seen  in  the  center.  They  are  not  imaging  because  of  a 
crack  that  appeared  during  the  thinning  down  of  the  sub¬ 
strate.  This  defect  may  be  due  to  the  presence  of  a  dust  dur¬ 
ing  the  flip  chip  bonding  or  of  an  air  bubble  trapped  during 
the  edge  sealing.  W  hen  the  array  was  thinned  down  to  such 
a  thickness  of  20-30  p.m,  the  substrate  was  not  able  to  sup¬ 
port  the  stress  generated  by  the  dust  or  the  bubble  anymore 
and  cracked.  The  FPA  was  able  to  perform  imaging  of  a  hot 
soldering  iron  up  to  150K  Figure  5(b). 

Conclusion 

W e  have  introduced  a  new  concept  of  Type  1 1  "M "  structure 
superlattice,  and  demonstrated  high  quality  superlattice  mate¬ 
rial  growth  and  high  performance  single  element  detectors  at 
liquid  nitrogen  temperature  with  cutoff  wavelength  around 
12  pirn.  We  have  demonstrated  the  first  of  its  kind  FPA  based 
on  Type  1 1  I  nAs\G  aSb  with  50%  cutoff  around  9.3  pirn,  imag¬ 
ing  from  80K  up  to  150K. 
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